BACKGROUND: High-intensity, risk-based therapeutic strategies for childhood cancer have resulted in long-term survival rates that now approach 80%. However, the growing population of survivors is at a substantial risk for treatment-related complications that can significantly impact quantity and quality of survival. It is increasingly recognized that many of these complications result from complex interactions between therapeutic exposures and genetic susceptibility.
INTRODUCTION
Risk-based therapy for childhood cancer has resulted in marked improvements in survival, with current 5-year survival rates approaching 80%. 1 However this improvement in outcome is not enjoyed equally by all. The cumulative incidence of severe or life-threatening chronic health conditions exceeds 40% for childhood cancer survivors surviving 30 years after primary diagnosis. 2 Research on survivorship issues has clearly demonstrated well-established associations between specific therapeutic exposures and adverse outcomes such as subsequent malignant neoplasms, cardiopulmonary dysfunction, avascular necrosis, endocrinopathies, and neurocognitive disorders. [2] [3] [4] While a third of these cancer survivors are less than 20 years, 46% are between the ages of 20 and 39 years, and 20% are over 40 years of age. 5 Thus, the long-term care of these survivors is increasingly being provided by family practitioners and general internists. The Children's Oncology Group Long-Term Follow-Up (COG-LTFU) Guidelines provide healthcare professionals with a framework to standardize the screening of childhood cancer survivors at risk for therapy-related adverse outcomes. 6 These are risk-based, exposure-related clinical practice guidelines that rely on the epidemiological evidence of the association between therapeutic exposures and specific adverse outcomes, and are grounded in the collective experience of experts in the field of cancer survivorship. It is increasingly recognized, however, that for a given therapeutic exposure, marked heterogeneity exists in the prevalence and severity of many of the long-term adverse outcomes experienced by cancer survivors. There is emerging data to suggest that genetic susceptibility could play a role in modifying individual response to therapeutic exposures. [7] [8] [9] Using a biologically plausible candidate gene approach, investigators have begun to identify polymorphisms that could alter metabolic pathways of therapeutic agents associated with specific adverse events. Many of these genomic variables, when fully established, could potentially play an important role in understanding the pathogenesis of the subsequent therapy-related adverse outcomes, and facilitate implementation of targeted prevention strategies. We present here an overview of the current knowledge regarding established associations between therapeutic exposures and these genomic variables in three commonly occurring complications in childhood cancer survivors-congestive heart failure, avascular necrosis and obesity. We believe that a clear understanding of those at highest risk due to established risk factors (age, gender and therapeutic exposures) as well as emerging risk factors (genetic susceptibility) will provide the necessary tools to internists and pediatricians to titrate the intensity of follow-up and provide appropriate interventions.
CONGESTIVE HEART FAILURE
Anthracyclines such as doxorubicin and daunomycin are widely used in the treatment of childhood cancer; nearly 60% 
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of children with cancer receive anthracyclines as part of their treatment. 10 Clinically, one of the most widely recognized side-effects of anthracycline therapy is dose-dependent cardiotoxicity. The cardiotoxicity may manifest as clinically symptomatic congestive heart failure (A-CHF) or asymptomatic cardiac dysfunction identified by abnormalities of cardiac function/structure on imaging studies. 11 The incidence of A-CHF is less than 10% in patients exposed to under 500 mg/m 2 of cumulative anthracycline exposure, and approaches 36% for doses exceeding 600 mg/m 2 .
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A-CHF often develops years after cessation of therapy, and its frequency increases with longer follow-up. 3, 10 Outcome following diagnosis of A-CHF is poor, with 5-year survival of less than 50%. 13, 14 Anthracycline cardiotoxicity is thought to be related to direct myocardial injury due to formation of free radicals. 15 Well-recognized clinical risk factors for A-CHF include female sex, younger age at exposure, and radiation therapy involving the heart. 11, 16, 17 However, these clinical risk factors do not fully explain the wide inter-individual variability in susceptibility to A-CHF. Significant cardiotoxicity has been reported at cumulative doses of less than 250 mg/m 2 , 10 while doses that exceed 1000 mg/m 2 have been tolerated without long-term sequelae by some. 18 This heterogeneity could be explained, in part, by genetic susceptibility that alter the metabolism of anthracyclines, the myocardial response to the drug, as well as others thought to play a role in susceptibility to de novo disease.
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The strongest support for the role of these genes as regulators of response to anthracyclines has come from transgenic and knock-out mouse strains with altered sensitivity to the drugs. For example, transgenic overexpression of the multiple drug resistance gene (MDR1) is protective against the cardiotoxic effect of anthracyclines, 22 while deficiency and overexpression of anthracycline metabolizing enzyme, carbonyl reductase (CBR) in mice had opposing effects (protecting and enhancing) on susceptibility to A-CHF. 19, 23, 24 A limitation of information obtained from such genetically engineered mouse strains is the strong penetrance of introduced mutations, which likely does not reflect more subtle genetic variability in humans. 20 Two recent studies in humans have evaluated the role that these genetic alterations play in the development of clinical A-CHF. These studies suggest that polymorphisms in genes involved in anthracycline metabolism, transport, and superoxide generation may have an impact on an individual's risk of A-CHF. In the first study, 21 82 genes involved in the metabolism of reactive oxygen species (ROS), DNA repair, drug transport and metabolism, endothelial physiology, the renninangiotensin system, muscle contraction and structure, and inflammation were evaluated. The risk of chronic cardiotoxicity was significantly increased (OR: 2.5) in individuals with a polymorphism for the NADPH oxidase subunit, NCF4, which is responsible for down-regulation of the enzyme involved in a multi-enzyme complex regulating ROS generation. Inherited NADPH oxidase deficiency may result in impaired ROS defense capacity and therefore lead to increased intracardiac ROS levels after anthracycline exposure. 21 The second study 19 It is well-recognized that glucocorticoids (GCs) substantially increase an individual's susceptibility to AVN. 28, 30 Other clinical risk factors include older age at exposure, female gender, white race, and radiation. 25, 28, 31, 32 The risk of AVN due to GCs is especially high for survivors of childhood leukemia since GCs are a critical component their prolonged maintenance therapy. The mechanisms by which GCs cause AVN can be complex and may include suppression of osteoblasts, apoptosis of osteocytes, intra-medullary lipocyte proliferation (affecting sinusoidal circulation), and fat embolization to subchondral arteries. [33] [34] [35] This has prompted a unifying theory of 'cumulative cell stress' to explain the complex pathophysiology of therapy-related AVN and is based on three components: anatomic location (weight bearing), systemic illness, and GC exposure. 33 In this hypothesis, it is recognized that GCs play a 'necessary but not sufficient' role, and that clear host-exposure differences exist that account for heterogeneity of clinical presentation.
Relling and colleagues were one of the first to study the role of genetic polymorphisms in the risk of therapy-related AVN. 29 They found two inherited polymorphisms, vitamin D receptor Fok1 polymorphism (VDR Fok1) and thymidylate synthase (TYMS) to independently predict risk of therapy-associated AVN (OR: 4.5 and 7.4, respectively). The TYMS 2/2 genotype is associated with low TYMS expression, rendering cells more susceptible to toxic and anti-cancer effects of drugs such as methotrexate. The serendipitous finding by Relling and colleagues helped shed light on additional therapy-related risk factors for osteonecrosis -suggesting that antifolate therapy and subsequent homocysteine dysregulation may contribute to the risk of osteonecrosis. These findings may provide one of the explanations for the increased incidence of AVN in bone sarcoma survivors, since high dose anti-metabolite therapy is a critical component of the treatment of osteogenic sarcoma.
To further explore the genetic predictors of AVN, Relling et al. studied 12 candidate polymorphisms in a separate cohort of patients with a relatively high incidence of AVN. 36 Genetic polymorphisms of interest included the two previously identified (VDR Fok1, TYMS), plasminogen activator inhibitor (PAI-1), and others. They found a three-fold increased risk of AVN in individuals with a PAI-1 polymorphism. It was postulated that high levels of PAI-1, induced by corticosteroid treatment or through germline polymorphisms in PAI-1, lead to suppression of fibrinolysis, potentially resulting in increased intraosseous venous pressure and eventual bone death or osteonecrosis. 37, 38 These studies play a critical role in improving our understanding of the pathogenesis of therapy-related AVN, and therefore help us in developing interventional strategies. As in the case with anthracycline-related cardiotoxicity, once confirmed, these finding would help refine the identification of those at highest risk, where targeted prevention strategies could be instituted.
OBESITY
The high rate of obesity (BMI≥30 kg/m 2 ) in adult survivors of childhood cancer is especially concerning since increased BMI has a modifying effect on other well-described therapy-related complications such as cardiopulmonary disease, diabetes, and musculoskeletal disorders. Depending on the definition and methods used for measurement, the reported prevalence of obesity in survivors ranges from 11-40%. [39] [40] [41] [42] [43] Survivors of childhood ALL and central nervous system (CNS) tumors are at the highest risk, largely as a consequence of cranial radiation therapy (CRT). 39, [44] [45] [46] A report from a large cohort of childhood cancer survivors found that compared to siblings, adult survivors of childhood ALL who received CRT at a dose 20 Gy or greater had an up to three-fold increased risk of obesity. 39 The risk was not increased in individuals who received chemotherapy only or in those who received CRT doses less than 20 Gy. In brain tumor survivors, the risk of obesity is greatest in females who received any CRT and were less than 10 years of age at exposure. 44 A possible mechanism of radiation-related obesity is leptininsensitivity and/or growth hormone deficiency (GHD) that can result from CRT-mediated disruption of the hypothalamicpituitary axis (HPA). Leptin is a hormone secreted almost exclusively by adipocytes, and plays an important role in long-term regulation of body weight and metabolism. 47 Leptin is thought to act as a satiety signal in a feedback loop with hypothalamic centers that control feeding behavior and hunger, energy expenditure, and body temperature. 48 Mice with inactivating mutations in the gene encoding leptin (LEP) or its receptor (LEPR) are phenotypically characterized as obese, with nearly three times the body weight and five times the fat mass of genotypically normal mice. 49 It is increasingly recognized, however, that obesity in humans is most likely a polygenic trait, with complex gene-environment and gene-gene interactions that are now being studied. 50 , an observation that was limited to females. The risk was especially great for Arg homozygous females who received ≥20 Gy CRT (OR: 6.1). These preliminary findings support the role for the LEPR polymorphism in modifying risk of obesity. However, the association is limited to a subset of female survivors of childhood ALL exposed to cranial radiation, reinforcing the complex nature of a likely polygenic trait.
We know now that radiation to the brain is associated with an increased risk of morbid obesity. It is also clear that the risk is higher in girls, and in those who receive higher doses of radiation, especially at a young age. Evidence is now emerging that favors the existence of "at-risk" alleles in certain genes that place these individuals at a much higher risk. These studies need to be confirmed and a more comprehensive examination of genes that could be implicated in this pathway need to be examined. This research is of particular importance because it may have implications in understanding and addressing the rising prevalence of obesity in the general population.
FUTURE DIRECTIONS
Recent advances in the sequencing of the human genome 54, 55 have created many opportunities for investigating the relationship between polymorphic genetic variants present in the human population and their impact on the pathogenesis of various medical conditions. [56] [57] [58] It is now becoming increasingly recognized that risks for many diseases result from an interaction between inherited gene variants and environmental factors, including chemical, physical, and behavioral factors, which raises the possibility of targeted disease prevention and health promotion efforts for individuals at high risk because of their genetic makeup. 59 The diseases discussed in the current review illustrate that research exploring the role of genetic susceptibility in the development of therapy-related adverse outcomes is still in its infancy, and that there is indeed an urgent need for continued efforts to study therapy-related adverse outcomes in the context of the complex gene-gene and gene-environment interactions unique to the growing population of cancer survivors. A comprehensive approach to understanding the pathogenesis of therapy-related adverse outcomes is not without its challenges. It requires integration of changing technologies, adoption of new concepts of complex statistical modeling, and multi-disciplinary collaborations. [60] [61] [62] Advances in molecular biology and biotechnology have provided inexpensive and rapid laboratory methods required to conduct large populationbased studies. 59, 63 The traditional approach has been to use the candidate gene approach, in which a gene or pathway is targeted as potentially important based on a priori hypotheses about their etiological role in development of disease. 64 However, the sequencing of the human genome has greatly expanded the ability of researchers to broaden the focus of genomic studies and perform genome-wide association studies (GWAS), allowing the study of genetic variation across the entire genome and risk of disease. 65 The choice of one approach over the other depends on a number of variables including, but not limited to the following: sample size, study design, availability of resources, and outcomes of interest. The advantage of the candidate gene approach is that it allows us to ask hypothesis-driven questions using relatively modest sample sizes; it has the potential to provide a more thorough understanding of the genetic variation within a gene or pathway and its functional consequence; and it may be easily incorporated into statistical models that already include numerous clinical and treatment-related exposures. If the detected association is strong enough, investigators can quickly move a SNP into a clinical model for risk-based intervention. The disadvantages of the candidate gene approach is that due to budgetary and statistical considerations, often small numbers of genes are evaluated at a time, possibly missing genes in pathways that are not a part of the a priori hypothesis, but may be in linkage disequilibrium; genetic associations have been difficult to replicate for complex diseases unless the magnitude of effect is significantly greata rare occurrence when looking at high frequency polymorphisms with low penetrance; and lastly, it would be difficult to adopt the candidate gene approach when the fundamental physiological defects of the disease are unknown.
Researchers have begun to increasingly advocate the use of a GWAS for the study of complex chronic diseases such as cardiovascular disease, asthma, and diabetes. 65, 66 GWAS is an approach whereby rapidly scanning markers across complete sets of DNA, or genomes, of many people are used to find genetic variations associated with a particular disease. The advantage of GWAS is that it allows for the study of multiple genes, potentially identifying known and previously unknown genetic variants contributing to phenotype and outcome; investigators are able to use information obtained from preliminary GWAS analyses for more detailed investigation of genes and pathways of interest. While at one point, the GWAS approach was costly, genotyping costs are likely to decrease, allowing for the simultaneous investigation of numerous studies. The disadvantages of GWAS are that it often leads to a high false discovery rate and may miss rare but important alleles that are less well represented in large SNP databases; once a set of SNPs is identified, investigators are faced with the dilemma of how best to prioritize the ones which deserve further study and eventually take into the clinical intervention model; lastly, due to the large number of associations being tested, GWAS is best reserved for studies with large numbers of patients with outcomes that occur at greater frequency than those occurring in the cancer survivors population.
CONCLUSIONS
Advances in the treatment of childhood cancer have led to a growing number of survivors at risk for long-term adverse outcomes. During the last two decades there has been a sustained effort to try and identify the clinical and treatmentrelated risk factors for these outcomes. However, there continue to be large gaps in knowledge with regards to the pathogenesis of therapy-related adverse events. These gaps can be filled only by approaching these problems in a systematic, comprehensive manner that not only helps further the understanding of disease biology but also identifies those at highest risk of these adverse outcomes (Fig. 1 ). This approach requires multidisciplinary teams and access to large patient populations. One such initiative is currently ongoing within the Children's Oncology Group (Funding: Lance Armstrong Foundation and Leukemia-Lymphoma Society)-where a mechanism has been successfully established to identify key adverse events and matched controls, obtain detailed therapeutic exposure data and obtain biospecimens, with the goal to understand the molecular pathogenesis of these outcomes.
